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Effect ofdiet, age and sex on the glomerular response to immune injury
in the rat. We investigated the effect of three factors, namely dietary
protein intake, age and sex, on the susceptibility of the renal glomerulus
to the binding of antiglomerular basement membrane antibody (anti-
GBM) in the early (heterologous) phase of anti-GBM nephritis, and the
consequent reduction in glomerular filtration rate (GFR) as measured
by inulin clearance (C1). The effect of diet was examined in 8 week-
old female Munich-Wistar rats fed a 40% high (HP) or a 6% low (LP)
protein diet, and that of sex and age in male and female rats, 6 week or
10 month old. Following an intravenous dose (3 to 20 ,tglg body wt) of
radiolabeled nephritogenic anti-GBM, assessment of glomerular func-
tion was followed by quantitation of anti-GBM binding (values cor-
rected for GBM surface area) in isolated glomeruli. At a given plasma
level of antibody, the degree of binding of anti-GBM was slightly but
significantly higher in HP than LP-fed rats; the decrease in GFR was
significantly more pronounced in HP than LP-fed animals. The amount
of anti-GBM binding was significantly greater in adult than young
animals; however, the consequent decrease in GFR was more pro-
nounced in the young than adult animals. Sex dependency was not
discernible in anti-GBM binding or reduction in GFR. In all of the above
experimental groups, the degree of anti-GBM binding was closely
correlated with the plasma level of anti-GBM, but not with effective
renal plasma flow rate, measured by PAH clearance. Separate groups of
rats were subjected to experimental manipulation of single nephron
GFR, glomerular capillary hydraulic pressure and glomerular plasma
flow rate, by partial aortic constriction and saralasin administration.
This set of experiments, using a tracer amount of non-nephritogenic
anti-GBM, revealed that glomerular anti-GBM binding is independent
of any of the above parameters. The studies indicate that dietary protein
intake and age, but not sex, are among the factors determining the
susceptibility of the glomerulus to acute immune injury. Since the
binding of anti-GBM is determined by the affinity property of the
glomerulus per se, and not by the prevailing hemodynamic pattern, the
observed dependence of susceptibility to functional impairment on age
and protein intake appears to also reflect a property of the glomerulus,
which is influenced by age and the degree of dietary protein intake.
Acute injection of complement-fixing antiglomerular base-
ment membrane antibody (anti-GBM) in rats results in a char-
acteristic linear pattern of IgG deposition along the glomerular
basement membrane and impairment of renal function [1]. This
experimental model of immune glomerular injury is the coun-
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terpart of the clinical syndrome of acute diffuse glomerulone-
phritis, a condition characterized by proteinuria, sodium reten-
tion, and varying degrees of reduction in glomerular filtration
rate.
The present study examines the effect of three factors,
namely diet, age and sex on the susceptibility of the renal
glomerulus to this form of immune injury. Using female
Munich-Wistar rats fed on a high or a low protein diet, as well
as both male and female rats of two different age groups,
binding of nephritogenic anti-GBM to renal glomeruli and the
consequent change in filtration rate and, in some animals,
urinary protein excretion, was examined. Conceivably, the
apparent affinity of the GBM to anti-GBM could be influenced
not only by the properties of GBM characterizing a given sex,
age or diet, but also by the pattern of hemodynamics prevailing
within the glomerular capillary network. We therefore investi-
gated the role of several glomerular dynamic parameters in
determining the degree of anti-GBM binding, by experimentally
manipulating these parameters.
Methods
Experimental groups
In a first set of experiments, the influence of dietary protein
intake on the glomerular binding of anti-glomerular basement
membrane antibody (anti-GBM), and on the change in renal
function in response to this binding, was examined by conduct-
ing experiments in 8 week-old female Munich-Wistar rats,
pair-fed since weaning on pulverized isocaloric diets of either
low (N 10) or high (N = 10) protein content. The low protein
diet (LP) contained, on a weight basis, 6% protein (micro-
pulverized vitamin-free casein, ICN Nutritional Biochemical
Co., Cleveland, Ohio, USA) and 78.8% carbohydrate (35%
sucrose, 43.8% dextrin). The high protein diet (HP) contained
40.0% casein and 44.8% carbohydrate (20% sucrose, 24.8%
dextrin). The fat (corn oil), vitamin (vitamin supplement for
rats, ICN Nutritional Biochemical Co.), cystine, and mineral
(Na-free salt mixture, ICN Nutritional Biochemical Co.) con-
tent of both diets was identical, comprising 7, 2, 0.2, and 4%,
respectively. Each diet contained 0.069 mEq of Na and 0.16
mEq of K per gram. Pairing of rats was carried out on the basis
of body weight, after which paired rats were kept in individual
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metabolic cages, and fed their respective diets throughout.
They were weighed daily and offered tap water ad libitum. The
member of each pair on the high protein diet received the
identical gram-weight of food that its low protein diet counter-
part had consumed during the preceeding 24 hour period as
described by us previously [2].
In a second set of experiments, the effect of age and sex on
the glomerular binding of anti-GBM and the consequent renal
functional response was examined in normal healthy Munich-
Wistar rats of two different age groups: 6 week-old (males N =
11, females N = 7), and 10 month-old (males N 7, females N
= 8) fed a standard diet (Purina rat chow, 22% protein) with free
access to water until the time of study.
A third set of experiments was conducted to examine the
effect of whole kidney and glomerular hemodynamics on anti-
GBM binding. In two groups of animals, renal hemodynamics
were manipulated by constricting the abdominal aorta (AO) to
reduce renal perfusion pressure (RPP), in the absence (N = 7)
or presence of the angiotensin II antagonist, saralasin (S, N
7). A third group served as normal controls (NC, N = 7). These
animals were maintained on regular rat chow and tap water until
the time of study. Following general surgical preparation and
replacement of plasma volume as detailed below, reduction in
RPP was induced in one group of animals (AO) by placing a 3-0
silk suture around the abdominal aorta above the level of the
renal arteries, and regulating its tension to decrease RPP to
60% of its baseline value. In the second group of animals (AO +
S), an i.v. infusion of saralasin (0.3 mg/kg/hr) was initiated
following constriction of the aorta. The third group (NC) served
as controls.
Preparation of anti-glomeru/ar basement membrane antibody
(anti-GBM)
Anti-GBM was prepared by immunizing sheep repeatedly
with whole rat glomeruli (100 mg) in Freund's complete adju-
vant, using a modification [3] of the method originally described
by Krakower and Greenspoon [4]. When high titers of anti-
GBM antibodies were detected by indirect immunofluores-
cence, sheep serum was collected, heat inactivated (56°C, 30
mm) and absorbed extensively with rat red cells, platelets,
white blood cells, Sepharose-adsorbed rat serum and rat prox-
imal tubular brush border antigen (Fx1A). Sheep IgG was
isolated from a 50% ammonium sulfate precipitate of whole
sheep anti-serum by ion-exchange chromatography on DEAE-
Sephacel (Pharmacia Fine Chemical, Inc., Piscataway, New
Jersey, USA). The y' subclass used in the first two parts of the
study was eluted by application of a linear NaCl gradient to 0.15
M [5]. The purified y anti-GBM was then pooled, concentrated
to approximately 23 mg/ml, and stored at —70°C until use.
Purity and specificity of the y anti-GBM were assessed by
immunoelectrophoresis and micro-Outcherlony immunodiffu-
sion [61, and its ability to fix complement in vivo and in vitro
was determined by immunofluorescence [51.
The sheep y' IgG anti-GBM was labeled with 125j using the
chloramine T method originally described by McConahey and
Dixon [7], and subsequently modified by Salant et al [5].
Aliquots of labeled i IgGwere diluted with unlabeled antibody
to yield a final specific activity of 2.77 x l0 to 2.25 X 106
cpm/mg IgG, and TCA precipitability of 93%. In preliminary
experiments, the y IgG fraction obtained by this procedure and
normal sheep y IgG were pair labeled with 131J and t251, and
injected into three animals of each group, prepared identically
to those in the present studies. The amount of kidney-fixing
antibody was quantitated using the pair-label isotope technique,
and was consistently negligible for the non-specific antibody.
The 72 subclass of sheep IgG, used in the third set of
experiments, was eluted from DEAE-Sephacel and pooled
separately. It was concentrated to 10 mg/mI, and stored at
—70°C until use. Its purity and specificity were assessed by
immunoelectrophoresis and micro-Outcherlony immunodiffu-
sion as above. Direct immunofluorescence of renal biopsies
following its injection in normal rats showed linear antibody
deposition with no evidence of complement fixation. In vitro
complement fixation using methods previously described [8]
was also negative.
The sheep 72 anti-GBM was labeled with 1251 using the
chloramine T method as above. Aliquots of labeled 72IgG were
diluted with unlabeled antibody to yield a final specific activity
of 8 x 106 cpm/mg IgG, and TCA precipitability of 98%.
Measurement of whole kidney clearance rates
Rats were anesthetized with mactin (100 mg/kg, i.p.), and
placed on a temperature-regulated table. Each animal under-
went insertion of a tracheal cannula. Indwelling polyethylene
catheters were inserted into the right and left jugular veins for
infusion of inulin, para-aminohippurate (PAH) and plasma, and
for the injection of radiolabeled anti-GBM. The left femoral
artery was catheterized for subsequent blood sampling, and the
tip of the catheter placed into the distal aorta. The left ureter
was catheterized with a PE-lO catheter for urine collections.
Both members of a pair (LP and HP, or young and adult of the
same sex) were studied on the same day. Throughout the period
of surgical preparation and experimental study, each animal
received a continuous intravenous infusion of isoncotic rat
plasma (young: 1.4% of body wt initial dose, followed by 0.2%
body wt per hour; adult: 1% of body wt initial dose, followed by
0.15% per hour) to maintain normal circulating plasma volume
[9, 101. Concomitant with the surgical preparation, an intrave-
nous infusion of 2% PAH and 9% inulin solution in 0.9% NaCl
was begun and continued throughout the duration of each
experiment at the rate of 0.6 mllhr (young) or 1.2 mI/hr (adult).
In the first of two sets of experiments, after a 60 minute
equilibration period, urine was collected over an approximate
20 minute period, and blood samples obtained for baseline
measurement of hematocrit, whole kidney clearance rates of
PAH (effective renal plasma flow rate, ERPF) and inulin (C1),
and urinary content of total protein. Anti-013M was injected
and its plasma level measured as detailed below. The above
collections were repeated 5, 60, 100 and 150 minutes after the
injection of anti-GBM, and were used only if urine flow was
sufficient for determination of the above parameters.
In the third set of experiments, a 60 minute equilibration
period was allowed to elapse after general surgical preparation.
Each animal was injected with a tracer dose of the 72fraction of
IgG 18]. Blood was obtained five minutes later for measurement
of plasma anti-GBM level, hematocrit, inulin and PAH concen-
trations. Urine collection from the left ureteral catheter was
then started, and continued over a period of 20 to 30 minutes,
during which the micropuncture measurements and collections
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specified below were obtained. A second blood specimen was
obtained at the end of the urine collection.
Micropuncture measurements and collections
These procedures were performed in the third set of experi-
ments. In addition to the general surgical procedures detailed
above, the left kidney was suspended on a Lucite holder, its
surface illuminated with a fiberoptic light source, and bathed
with 0.9% NaCI. Micropuncture measurements and collections
were carried out as follows. Timed (1 to 3 mm) samples of fluid
were collected from surface proximal tubules from each of two
or three nephrons for determination of flow rate, inulin concen-
tration, and calculation of tubule-to-plasma inulin concentration
ratio, hence single nephron glomerular filtration rate (SNGFR).
The rate of fluid collection was adjusted to maintain a column of
polymer oil, three to four tubule diameters in length, in a
constant position just distal to the site of puncture. Coincident
with tubule fluid collections, femoral arterial blood samples
were obtained for determination of hematocrit, plasma inulin
and PAH concentration. Urine was collected from the left
ureter for determination of urine flow rate, and measurement of
inulin and PAH concentrations, which were used, respectively,
in the calculation of GFR and effective renal plasma flow rate
(ERPF).
Hydraulic pressures were monitored in accessible surface
structures with a continuous-recording servo-null micropipette
transducer system (Model 3, Instrumentation for Physiology
and Medicine, San Diego, California, USA). Micropipettes with
outer tip diameters of ito 2 jim containing of 2.0 M NaCI were
used. Hydraulic output from the servo-null system was con-
verted electronically to a recorder (Model 2200S, Gould) by
means of a pressure transducer. Direct measurements of time-
averaged hydraulic pressures were recorded in single capillaries
of surface glomeruli, Bowman's space, and surface efferent
arteriole. For estimation of oncotic pressures of plasma enter-
ing and leaving glomerular capillaries, protein concentrations of
afferent and efferent arterioles were determined by analyzing
femoral arterial and surface efferent artenolar plasma, respec-
tively, using the fluorometric method previously described [11,
12].
Assessment of plasma anti-GBM concentration and
glomerular anti-GBM deposition
In the first and second sets of experiments that examined the
effects of diet, age and sex on anti-GBM binding, each rat was
injected with 3 to 20 jig/g body weight of radiolabeled y
anti-GBM via a jugular venous line. The plasma concentration
of anti-GBM was determined 5, 60, and 150 minutes later by
counting the radioactivity in 100 jil of rat blood and correcting
for the hematocrit. The glomerular binding of anti-GBM was
measured 150 minutes following anti-GBM injection. In the
third set of experiments, where the effect of renal hemodynam-
ics on anti-GBM binding was examined, each rat was injected
with 0.2 to 0.6 jig/g body weight of radiolabeled 72 IgG, and the
plasma concentration of anti-GBM determined five minutes
later. The glomerular binding of anti-GBM was measured 60
minutes following anti-GBM injection.
A detail of the method for measuring the quantity of antibody
specifically bound to glomeruli has been described previously
[13]. In brief, at the completion of the experiment, both kidneys
were perfused with 180 ml/kg body weight of 0.9% NaC1
solution until the return was clear, in order to avoid blood
remaining trapped in the glomeruli. The left kidney was then
harvested, decapsulated, weighed and immediately frozen.
Glomeruli were isolated from the left kidney by the technique
of differential sieving (adult: stainless steel ASTM #140, 80,
230; young: stainless steel ASTM #140, 80, 270). The radioac-
tivity of a known volume of glomerular suspension was mea-
sured, and the number of glomeruli it contained visually counted.
The amount of antibody bound to glomeruli was calculated as
the weight of IgG per glomerulus (nglglomerulus) as follows:
anti-GBM/glomerulus =
cpm in a unit volume of glomerular suspension
number of glomeruli in a unit volume of glomerular suspension
x
specific activity of antibody in injectate
The binding of anti-GBM was expressed in two ways: (1)
anti-GBM binding per single glomerulus, directly estimated as
outlined in the Methods section; (2) anti-GBM binding per body
weight, which was taken to reflect binding per glomerular
membrane surface area. Currently, there is no accurate method
to quantitate glomerular sites available for antibody binding.
For instance, measurement of total glomerular protein content
neglects the possibility that the proportion contributed by
specific binding sites may vary with age, sex, or diet. In this
regard, Knutson et al have previously reported that glomerular
basement membrane surface area, estimated in Wistar rats
using a standard excess dose of anti-GBM, correlated with body
weight in a linear fashion when body weight was less than 200
grams, but remained constant when body weight was greater
than 200 grams [14]. Thus, although indirect, body weight
appears to be the most logically sound index currently available
for the size of glomerular site specific to anti-GBM binding. For
this reason, in our comparisons, data was standardized by this
parameter to evaluate the degree of binding site occupancy,
using the actual body weight for the animals below 200 grams,
and 200 grams for larger animals.
Determination of PAH, mu/in, and urinary protein content
Para-aminohippurate concentration in plasma and urine was
determined by the method of Bratten and Marshal, as modified
by Smith et al [15]. Inulin concentration in plasma and urine
was determined by the macroanthrone method [16]. Intilin
concentration in tubular fluid was determined by the method of
Vurek and Pegram [17]. Urinary protein content was measured
by the Coomassie Brilliant Blue G-250 binding assay as de-
scribed elsewhere [181, using bovine serum albumin as stan-
dard.
Functional response of the kidney to anti-GBM injection
The functional response of the kidney was assessed using the
minimal value of inulin clearance rate obtained following anti-
GBM injection, expressed as a percentage from baseline value,
as well as the increase in the amount of urinary protein
excretion rate, similarly expressed.
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Table 1. Body weight and whole kidney data in the six groups of animals studied
Body wt Kidney wt ERPE/kidney wt clFRlkidney wt
ney iflg ml/min/g kid
High protein 176 5 0.83 0.03 2.71 0.21 1.06 0.06
Low protein 155 7 0.63 0.03 2.61 0.17 0.82 0.07
p HP vs. LP <0.05 <0.01 NS <0.01
Young
male 130 6 0.66 0.03 2.62 0.21 0.94 0.05
female 135 10 0.72 0.04 2.47 0.16 0.70 0.04
P YM vs. YE NS NS NS <0.005
Adult
male 405 9 1.60 0.05 3.40 0.70 0.87 0.05
female 210 12 0.93 0.83 2.98 0.41 0.75 0.03
PAM vs. AF <0.01 <0.01 NS NS
P YM vs. AM <0.01 <0.01 NS NS
P YE vs. AF <0.05 <0.01 NS NS
Abbreviations are: H?, high protein diet; LP, low protein diet; YM, young male; YE, young female; AM, adult male; AF, adult female.
Calculations and statistical analysis
SNGFR was calculated from the equation SNGFR (TF/P)1
X V'r, where (TF/P)1 and VTF denote tubule fluid-to-plasma
inulin concentration ratio and tubule fluid flow rate, respec-
tively. Initial glomerular plasma flow rate (QA), glomerular
transcapillary hydraulic pressure difference (SP) and glomeru-
lar capillary ultrafiltration coefficient (K1) were calculated using
equations described in detail elsewhere [11, 19]. The Student's
t-test for unpaired data was used to analyze the results of in
vivo glomerular binding of IgG fraction. Delivery rate of
anti-GBM was measured, at the level of the whole kidney, as
the product of the plasma level of anti-GBM, measured five
minutes following anti-GBM injection, and baseline ERPF per
unit renal mass. At the level of the single nephron. it was
measured as the product of the plasma level of anti-OHM,
measured five minutes following anti-GBM injection, and the
glomerular plasma flow rate QA. Regression analysis and deter-
mination of the correlation coefficient for data relating glomer-
ular bound antibody to plasma antibody concentration, delivery
rate of antibody, and determinants of SNOFR, were determined
by standard methods. The slopes of the regression lines gener-
ated were compared by the method of least squares and analysis
of covariance.
Results
Whole body and baseline whole kidney function data for the
first set of experimental groups are given in Table 1.
Effect of dietary protein intake
In this first set of experiments, female Munich-Wistar rats fed
either low (LP, N = 10) or high (HP, N = 10)protein diets were
subjected to comparative study for anti-OBM binding and
glomerular function.
Body and kidney weight, and baseline values of ERPF and
GFR. As shown in Table 1, the body and kidney weight of the
animals at the time of study was significantly lower in the low
protein than in the high protein-fed group. Mean value of
effective renal plasma flow, estimated from PAH clearance, was
similar in the two groups of animals when expressed per kidney
weight. OFR, estimated from inulin clearance, was on average
25% lower in the LP than HP-fed animals.
Time course of plasma anti-GBM concentration. Anti-GBM
was administered i.v. to the experimental animals in a dose
range of 3 to 20 sg/g body weight. The plasma concentration of
anti-OHM achieved five minutes after the injection thus ranged
between 0.133 and 0.392 ng/ml in animals fed a low protein diet,
and between 0.180 and 0.424 ng/ml in animals fed a high protein
diet. The plasma concentration of anti-GBM decreased gradu-
ally over the period of time studied, the decrease being compa-
rable in LP and HP-fed animals, Thus, at 60 minutes plasma
concentration of anti-GBM averaged 0.71 0.01 vs. 0.75 0.01
of the five minute level, and at 150 minutes 0.56 0.02 vs. 0.58
0.02 of the five minute level, in LP vs. HP groups, respec-
tively.
Anti-GBM binding per glomerulus was not correlated with
the delivery rate of anti-GBM in the LP-fed animals (r = 0.55).
It correlated loosely with anti-OHM delivery rate in the HP-fed
animals (r = 0.67, P < 0.05); however, multiple regression
analysis revealed that this correlation was solely due to the
effect of the plasma level of anti-OBM, measured five minutes
following its injection, while the correlation with ERPF was not
significant (r = 0.22). Anti-GBM binding per glomerulus closely
correlated with the five minute plasma concentration of anti-
GBM antibody in the two groups of animals (Fig. 1). As seen in
Figure 1, the slope of the regression line was significantly higher
in HP-fed than LP-fed animals (P < 0.025). Similar results were
obtained when binding was expressed per body weight (Fig. 2),
an index of glomerular basement membrane surface area.
Binding/body weight was closely correlated with the five minute
plasma concentration of anti-OBM in both groups of animals.
As seen in Figure 2, the slope of the regression line was
significantly higher in HP than LP-fed rats (P < 0.025), indicat-
ing that HP feeding predisposed the animals to a higher incre-
ment in the amount of anti-OBM bound per unit glomerular
basement membrane surface area, for a given increase in
plasma anti-GBM level.
Functional response to anti-GBM binding. The value of
inulin clearance following anti-GBM injection, expressed as a
percentage from baseline, was linearly correlated with the
amount of glomerulus-bound anti-GBM in both groups of ani-
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Plasma anti-GBM, ng/ml
Fig. 1. Absolute amount of anti-GBM bound per single glomerulus,
plotted against the 5 mm plasma level of anti-GBM, in female rats fed
a low (LP, open squares) or a high (HP, closed squares) protein diet.
There was a close linear correlation between the two parameters in both
groups (LP: r = 0.89, N 10, P < 0.005; HP: r = 0.95, N = 10, P <
0.0001). The slope of the regression line was 1.98 0.36 in LP, and 3.14
0.37 in HP.
40 I I I
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Plasma anti-Gbm, ng/mI
Fig. 2. Binding of anti-GBM corrected for animal weight, plotted
against the 5 mm plasma level of anti-GBM, in female rats fed a low
(LP, open squares) or a high (HP, closed squares) protein diet. There
was a close linear correlation between the two parameters (LP: N = 10,
r =0.84, P <0.005; HP: N = 10, r = 0.90, P <0.005, Fig. 2). The slope
of the regression line was 11.2 0.2 in LP and 20.9 0.4 in HP.
mals. Although the slope of the regression line was similar in LP
versus HP animals, the values for the residual inulin clearance
at a given anti-GBM binding were always higher in LP than
HP-fed rats (Fig. 3), indicating the C1 was better preserved in
LP than HP rats. The increase in urinary protein excretion,
expressed as amount of protein per unit time, was similar in the
two groups of animals, being 220 47% versus 235 69% from
baseline in animals fed low (N = 5) versus high (N = 6) protein
diet, respectively (NS).
Effect of age and sex
HP Body and kidney weight, and baseline values of ERPF and
GFR. As shown in Table 1, the body and kidney weight of
young male and female animals were similar. A marked dispar-
ity in weight appeared between the sexes in the older age group,
the body and kidney weights being approximately twofold
higher in males than in females. Baseline values of ERPF,
estimated by PAH clearance, were similar in all four groups of
animals when expressed per unit of renal mass. GFR, estimated
by inulin clearance, was slightly but significantly higher in
young male than young female animals, but was not signifi-
cantly affected by age, or by sex in the older animals.
Time course of plasma anti-GBM concentration. Following a
05 dose of 3 to 20 gIg body weight, the plasma concentration of
anti-GBM achieved at five minutes ranged between 0.109 and
0.482 ng/ml in young rats, and between 0.107 and 0.478 ng/ml in
adults. The plasma concentration of anti-GBM showed a pro-
gressive decrease over the period of time studied, ranging
between 0.73 to 0.80 of the five minute level at 60 minutes, and
0.57 to 0.67 of the five minute level at 150 minutes.
Glomerular binding of anti-GBM antibody. The binding of
anti-GBM was again expressed per glomerulus and per body
weight. Anti-GBM binding per glomerulus was not significantly
correlated with anti-GBM delivery rate in three of the groups
under study: young females (r = 0.10, NS), adult males (r =
0.63, NS), and adult females (r = 0.64, NS). It correlated with
the delivery rate of anti-GBM in young males only (r =0.82, P
<0.01); however, this correlation was again demonstrated, by
multiple regression analysis, to be due to an effect of plasma
anti-GBM level and not of ERPF (r = 0.46, NS). Anti-GBM
binding per glomerulus was directly correlated with the five
minute plasma concentration of anti-GBM in the four groups of
animals (Fig. 4 A and B). The slope of the regression line
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Fig. 3. Residual inulin clearance (C1), expressed as a percentage from
baseline value, plotted against the amount of bound anti-GBM, in
female rats fed a low (LP, open squares) or a high (HP, closed squares)
protein diet. There was a linear correlation between the two parameters
in both groups (LP, N = 6, r = 0.84, P < 0.05; HP, N = 5, r = 0.76,
NS). The slope of the regression line was similar in LP and HP animals
(LP: —42.7 13.7; HP: —56.1 27.3).
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Fig. 4. Absolute amount of anti-GBM bound
mm plasma level of anti-GBM, in male (M,
Fig. 4A) and female (F, Fig. 4B) rats, bothi' young (Y, open symbols) and adult (A, closed
•
a' per single glomerulus, plotted against the 5
symbols). The two parameters were directly
correlated in the four groups of animals; YM:
—. r = 0.95, N = 11, Pc 0.001; AM: N = 7, r =
0.86, P C 0.025 (A); YE: N = 7, r = 0.54,
NS;AF:N=8,r=0.96,P<O.005(B).The
slope of the regression line was 1,03 0.11 in0.2 0.3 0.4 YM, 3.37 0.91 in AM (A), 0.33 0.23 in
Plasma anti-GBM. np/mi YE, and 2.91 0.34 in AF (B).
relating anti-GBM binding to plasma level of anti-GBM was
significantly lower in young than adult animals, both for males
(P C 0.01, Fig. 4A) and females (P C 0.001, Fig. 4B). Binding
was significantly affected by sex only in younger animals, being
higher in males than females (P C 0.025; open symbols in Fig.
4A vs. Fig. 4B). No sex difference was observed in the older
animals (closed circles in Fig. 4A vs. Fig. 4B). Thus, the
absolute amount of anti-GBM bound by a single glomerulus, at
the same plasma concentration of antibody, was higher in older
than younger animals, and in younger males than females. This
could be related, at least in part, to a difference in the size of
glomeruli among these various groups of animals.
To correct for such differences in glomerular size, anti-GBM
binding was expressed per animal body weight, an index of
glomerular capifiary surface area. Anti-GBM binding/body weight
correlated linearly with the five minute plasma concentration of
anti-GBM in the four groups of animals (Fig. S A and B). The
slope of the regression line was significantly less in young than
adult males (P C 0.05, open vs. closed symbols, Fig. SA), and
lower, although just short of statistical significance, in young
versus adult females (open vs. closed symbols, Fig. SB).
Anti-GBM binding/body weight was not significantly affected
by sex (younger animals, open symbols in Fig. SA vs. SB; older
animals, closed symbols in Fig. 5A vs. SB). Thus, the amount of
anti-GBM binding per unit glomerular surface area was higher,
at the same plasma concentration of antibody, in adult than
young males.
Functional response to anti-GBM binding. The residual value
of glomerular filtration rate, expressed as a percentage from
baseline value, was significantly correlated with glomerular
anti-GBM binding in the adult male rats (closed symbols in Fig.
6A). A wider scattering of values was observed in the remaining
groups of animals, particularly in females (Fig. 6B). As shown
in Figure 6A, the decrement in C1. tended to be more pro-
nounced in young than in adult male rats, suggesting a greater
susceptibility of the glomerular function of the younger animals
to the effect of antibody binding. Results in female rats showed
a wider scattering than in males (Fig. 6B).
The average increase in urinary protein excretion, expressed
as amount of protein per unit time, was higher in the young (N
= 6) than in the adult (N = 5) male animals, being 289 134%
versus 108 35%, respectively; this difference, however, did
not reach statistical significance.
Effect of glomerular hemodynamics on anti-GBM binding
Glomerular microcirculatory dynamics. The purpose of this
set of experiments was to manipulate the glomerular microcir-
culatory dynamics, and hence, examine the relationship of
glomerular anti-GBM binding to the rate of anti-GBM delivery
and to other glomerular hemodynamic parameters. In addition
to measurement of ERPF and whole kidney GFR as the
clearances of PAH and inulin, glomerular circulatory dynamics
were assessed by micropuncture techniques, following an in-
jection of a tracer dose of Yz IgG anti-GBM antibody. Results
are presented in Table 2. Since the 72 IgU fraction of anti-GBM
antibody does not bind complement, and thus does not alter
glomerular hemodynamics or induce proteinuria [8], the mea-
surements obtained represent baseline values prevailing in
these animals; indeed, they are comparable to those obtained in
similarly treated animals which did not receive an injection of
anti-GBM antibody [201.
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Fig. 6. Residual inulin clearance (Cj,),
expressed as a percentage from baseline
• value, plotted against the amount of bound
anti-GBM, in male (M, Fig. 6A) and female
(F, Fig. 6B) rats, both young (Y, open
symbols) and adult (A, closed symbols). The
two parameters were directly correlated in
AM: r = 0.90, N 6, P < 0.025 (Fig. 6A),
and more loosely in YM: r = 0.49, N 8,(Fig. 6A); YF: r = 0.09, N = 6; AF, r = 0.31,N = 7 (Fig. 6B). The slope of the regression
line was —35.7 8.5 in AM, and —41.9
30.4 in YM.
Table 2. Whole kidney and glomerular hemodynamic parameters in animals undergoing micropuneture studies
Group
RPP
mm Hg
ERPF GFR SNGFR QA
SNFF
P
mm Hg
Kf
ni/s mm HgmI/mm nI/mm
NC
AO
P vs. NC
AO + S
P vs. NC
P vs. AO
111 6
63 3
<0.01
55 3
<0.01
NS
3.2 0.4
1.6 0.4
<0.01
1.6 0.3
<0.01
NS
1.03 0.08
0.51 0.11
<0.01
0.24 0.07
<0.01
<0.05
36.9 1.7
18.8 2.4
<0.01
10.9 3.3
<0.01
<0.05
110.8 12.6
72.5 7.0
<0.05
70.0 22.2
NS
NS
0.35 0.03
0.27 0.03
NS
0.15 0.02
<0.01
<0.01
35 1
31 2
<0.05
25 0
<0.01
<0.01
0.077 0.018
0.053 0.016
NS
0.037 0.014
NS
NS
Values are expressed as mean SEM. Abbreviations are: RPP, renal perfusion pressure; GFR, whole kidney glomerular filtration rate; ERPF,
effective renal plasma flow rate; SNGFR, single nephron glomerular filtration rate; QA initial glomerular plasma flow rate; SNFF, single nephron
filtration fraction; AP, glomerular transcapillary hydraulic pressure difference; Kf, glomerular capillary ultrafiltration coefficient; NC, normal
controls (N = 7); AO, aortic constriction (N = 7); and AO + S, aortic constriction + saralasin (N 7).
As shown in Table 2, animals in which a reduction in RPP
was induced by aortic constriction (AO) had significantly de-
creased levels of plasma flow and glomerular filtration rates,
both at whole kidney and single glomerular levels, as compared
to NC. The decrease in SNGFR was associated with a decrease
in QA. The glomerular capillary ultrafiltration coefficient, Kf,
was slightly, although not significantly lower than in NC.
Although a significant decrease was observed in the glomerular
transcapillary hydraulic pressure difference, P, this decrease
was modest (31 2 vs. 35 1 mm Hg). It is known, in this
setting, that relative preservation of zP is largely due to the
activation of the renin-angiotensin system and the release of
angiotensin II, the effect of which is to maintain renal perfusion
pressure and SNGFR, through constriction of the systemic
vasculature, as well as a selective increase in efferent arteriolar
tone [181. In the third group of animals, the effect of angiotensin
II was antagonized by administration of saralasin (AO + S). To
avoid an increase in QA, greater tension was applied on the
aortic snare, resulting in a further decrease of RPP by 10 mm
Hg (Table 2). This greater aortic constriction and saralasin
administration led to a dramatic decrease in zP to 25 0 mm
Hg (P < 0.01 vs. NC and AO). This decrease in P brought
about a further dramatic reduction in SNGFR as compared to
non-saralasin treated animals with aortic constriction. Parallel
changes were observed in the values of ERPF and GFR at the
level of the whole kidney, saralasin treatment leading to a
marked fall in GFR by 50% as compared to that due to aortic
constriction alone, while ERPF remained constant.
Glomerular binding of anti-GBM antibody. Glomerular bind-
ing of anti-GBM antibody was not correlated with whole kidney
delivery rate of antibody (ERPF x plasma level of anti-GBM) in
any of the three groups of animals under study (NC: r = 0.40;
AO: r = 0.22; AO + S: r = 0.52, all NS). Antibody delivery
rate, measured at the level of the single nephron (QA X plasma
level of anti-GBM), was correlated with anti-GBM glomerular
binding only in AO; however, multiple regression analysis
revealed that this correlation was solely an effect of plasma
anti-GBM level. Glomerular anti-GBM binding was strongly
correlated with the plasma anti-GBM level in the three groups
of animals (NC: r = 0.95, N = 7, P < 0.005; AO: r = 0.96, P <
0.005; AO + S: r = 0,92, P < 0.005), again indicating that
plasma anti-GBM level is a main determinant of anti-GBM
binding. Therefore, glomerular anti-GBM binding was factored
by the plasma level of the antibody in subsequent calculations.
Thus expressed, glomerular anti-GBM binding averaged
0.0 18 0.001 ng/ng' ml in NC, 0.015 0.001 in AU, and 0.017
0.001 in AU + S. It showed no correlation with SNGFR, or
any of its three hemodynamic determinants, QA, P or K, in
every group of animals studied.
Discussion
The plasma concentration of antibody showed a gradual
decrease over time in all six groups of animals studied. These
and previous studies [3, 211 have demonstrated that the amount
of anti-GBM antibody bound to the kidneys is closely corre-
lated with the circulating level of the antibody; therefore, given
the predictable decrease in plasma anti-GBM that occurs with
time, the plasma level of anti-GBM seems to be a reliable index
of bound anti-GBM. Decrease in the plasma level of anti-GBM
is known to be primarily due to its rapid deposition along the
glomerular basement membrane; although the location of the
relevant glomerular antigen(s) is unknown, most evidence sug-
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gests that it is located in the subendothelial region of the GEM
[22, 231, where several factors might influence the binding of
circulating antibody. Thus, besides the prevailing concentration
of circulating antibody, the charge characteristics of antigen
and antibody [3] appear to be important; so are conceivably
other factors, such as affinity of the antibody used to the
glomerular antigen. Studies done by Trinh Trang Tan et al [24]
have demonstrated that approximately 40% of circulating anti-
GEM is extracted during the first passage through the kidneys,
and they speculated that glomerular binding is largely unaf-
fected by the rate of renal blood flow. Although previous
studies [3, 251 have reported that glomerular antibody binding is
dependent on the delivery rate of anti-GBM, the high level of
correlation was likely related to the fact that ERPF was not
actually measured, but estimated from the weight of the animals
using previously reported formulas. In our studies, where
animals had a widely varying range of ERPF and circulating
anti -GEM levels, we did not find a correlation between the level
of renal plasma flow and glomerular anti-GBM binding. Fur-
thermore, in our third set of studies in animals where renal
hemodynamies were manipulated, the amount of anti-GBM
binding was found to be largely independent of prevailing levels
of various glomerular hemodynamic parameters. Thus, when
glomerular plasma flow rate, transcapillary hydraulic pressure
difference and the glomerular ultrafiltration coefficient were
altered by partial aortic constriction and/or saralasin adminis-
tration, the amount of anti-GBM binding per single glomerulus
remained at a level similar to that seen in unmanipulated control
animals.
In our current study, we found that the degree of dietary
protein intake affected the binding of anti-GEM to glomeruli, in
that binding was slightly higher in HP than LP fed animals
(Figs. 1 and 2), both when expressed in absolute amount bound
per glomerulus, and when corrected for animal weight. Consid-
ering that the size of the glomerular corpuscle is larger in
animals fed a high than a low protein diet [21, high protein
feeding might lead to increased anti-GBM binding through
increase in the surface area of the glomerular capillary wall. In
that, HP fed animals were characterized by increased kidney
weight compared to LP animals, both in absolute amount and as
a fraction of body weight. Thus, the relationship of body weight
and glomerular surface area might be altered by varying dietary
protein content. Alternatively, alterations in the intrinsic prop-
erties of the glomerular basement membrane, such as the
number or affinity of antigenic sites available for binding, or
alterations in glomerular basement membrane charge could
have occurred, that would favor increased binding of the
anti-GBM antibody in HP fed animals.
We found the binding of anti-GBM to be less in the young
than older animals when expressed as absolute amount of
antibody bound per glomerulus. To correct for the smaller size
of the glomerular anti-GBM binding site in younger rats,
antibody binding was corrected by body weight, an index
previously shown to faithfully represent the glomerular base-
ment membrane area available for antibody binding [14], and
was still found to be lower in the young than in the adult male
animal. No difference in anti-GBM binding was observed be-
tween males and females in the older age group. In contrast, a
sex related difference in anti-GBM binding was present in the 6
week-old rats; this difference, however, did not persist after
correction was made for glomerular size. Since the plasma level
of anti-GEM achieved following a given dose of injectate was
comparable in older and younger animals, the observed differ-
ences between the two ages (young versus old) must be
attributable to some other factor(s). Factors of importance
could include variations in the number of antigenic sites avail-
able for binding, or their affinity to anti-GBM. In support of this
hypothesis is the recent finding of Abrahamson [26] that the
histoehemieal structure of the glomerular basement membrane
of young rats distinctly differs from that of older animals.
Conversely, differences in the charge of the antigen available
for antigen binding [8], could exist that favor, in older male rats,
the permeation of the relatively anionic 71 anti-GEM antibody
[5]. Furthermore, greater binding of antibody IgG to extrarenal
sites might conceivably have occurred in the young rats.
Antibody binding leads to several alterations in the function
of the glomerulus, including decreases in the whole kidney and
single nephron glomerular filtration rates, and increase in
urinary protein excretion. Note that the functional response to
anti-GBM binding in our studies varied according to diet and
age (in males). Although the decrement in GFR was directly
related to dose, plasma concentration and glomerular binding in
any given group, the magnitude of the functional response was
significantly more pronounced in young males and high protein-
fed rats. This was observed in association with the fact that the
binding of anti-GEM was higher in animals fed a high as
compared to those fed a low protein diet. Thus, enhanced
vulnerability of the filtration process in glomeruli of HP fed rats
might be partly related to the higher amount of anti-GBM
binding. The situation is different when comparing young and
adult animals, The decrease in inulin clearance was more
pronounced in the young versus adult animals, in spite of lower
amounts of glomerular anti-GBM binding. Thus, enhanced
vulnerability of the filtration process in glomeruli of young rats
does not seem consequent to higher binding of anti-GEM to the
glomerular basement membrane. Although young and adult
Munich-Wistar rats are at filtration pressure equilibrium [9],
hence the glomerular ultrafiltration coefficient (K1) is not limit-
ing the rate of glomerular filtration, it is possible that a compa-
rable degree of decrease in K1 may affect GFR to a different
extent in young versus adult rats. In that, if the baseline
filtration process in young (but not adult) animals is character-
ized by near disequilibrium condition, a subtle reduction in K1
may establish the condition of filtration pressure disequilibrium,
thereby allowing Kf to limit GFR to a substantial degree.
Additional factors might be playing a role in causing high
protein-fed rats to have a more severe deterioration in renal
filtration rate than low protein-fed rats. Various mediators have
been implicated in the functional alterations resulting from
anti-GEM nephritis. Thus, reduction in GFR and increase in
renal vascular resistance [1] appear to be complement-depen-
dent and partly mediated through the action of a-adrenergic
catecholamines [271. Products of arachidonic acid metabolism
released from glomeruli or infiltrating leukocytes seem to play a
major role in determining the impairment in glomerular func-
tion. Thus, leukotriene D4 [28] and thromboxane A2 [29] appear
to contribute to the glomerular injury, while prostaglandins [14]
rather have a protective effect, at least in the early phase of
anti-GBM binding. On the other hand, high protein feeding has
been shown to enhance the susceptibility of the renal glomeru-
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lus to various models of acute injury, including severe ischemia
[301. The observed greater reduction in GFR in high versus low
protein-fed animals following anti-GBM injection is also remi-
niscent of our recent finding [311 of an increased susceptibility
of animals fed a high protein diet to the deleterious effect of
acute bilateral ureteral obstruction. Thus, a more severe dec-
rement in GFR was observed in rats fed a high protein diet, and
was accompanied by higher rates of urinary thromboxane B2
excretion; inhibition of thromboxane synthesis resulted in com-
parable decrements in GFR in high and low protein-fed rats. In
the present study as well, we observed a tendency for an
increase in urinary thromboxane B2, the excretory product of
thromboxane A2, following anti-GBM administration. This in-
crease was more pronounced (however, short of statistical
significance) in animals fed a high (284 56%, N = 5) than a
low protein (131 18%, N = 4) diet, as well as in young (280
60%, N = 6) compared to adult animals (156 20%, N = 4)'.
Thus, it is possible that high protein feeding might increase the
susceptibility of the glomerulus to injury by modifying the
production, release, or response to chemical mediators (includ-
ing leukotrienes or prostaglandins) secreted by infiltrating leu-
kocytes or endogenous glomerular cells [28, 29] following
anti-GBM binding. Although not elucidated by these studies,
additional factors might be speculated to produce enhanced
susceptibility to immune injury in young and high protein-fed
rats, including impaired leukocyte function in high protein-fed
rats [32], and/or increased sensitivity of young and high protein-
fed rats to vasoactive peptides such as C5a [21, 32] or catechol-
amines [27].
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